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Abstract. Background/Aim: This study aimed to investigate
the potential differences between multi-institutional
measurements and treatment planning system (TPS) calculation
modeled by representative beam data for patient-specific
quality assurance (QA), including multi-leaf collimator (MLC)
parameters. Materials and Methods: Eleven TrueBeam from
nine institutions were used in this study. Volumetric arc therapy
(VMAT) plan for verification was created using Eclipse. The
point dose of the CCI13 ionization chamber and the dose
distribution of the GAFCHROMIC EBT3 film were measured
and analyzed. Results: Point dose differences in patient-specific
QA provided a meanzstandard deviation of 1.0%+0.6%. Mean
gamma pass rates of dose distribution were in excess of 99%
and 96% for 3%/2 mm and 2%/2 mm gamma criteria,
respectively. Conclusion: There was good agreement between
measurements and calculations, indicating the small influence
of complex VMAT in the underlying processes. Therefore,
implementation of the same MLC parameters on TPS among
different institutions with the same planning policy should be
considered to ensure consistency and efficiency in radiation
treatment processes.
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Novel radiotherapy devices are becoming increasingly
accurate, and a prominent example involves TrueBeam
(Varian Medical Systems, Inc., Palo Alto, CA) where the
respective variance has become very narrow (1-4). Varian
Medical Systems provide representative beam data (RBD)
that is averaged beam data measured by three TrueBeam at
the Duke University (1). It has been reported that the
measured TrueBeam and the RBD data were very similar.
Tanaka et al. (5) have reported that the averaged
measurement data for treatment planning system (TPS)
modeling indicated a small variance. More specifically, the
percentage depth dose (PDD) difference between the RBD
and the averaged measurement data was within 0.5%,
whereas the off-center ratio (OCR) for a flat 10x10, 20x20,
and 30x30 cm? region between the RBD and the averaged
measurement data was within 1%.

Multi-leaf collimator (MLC) systems enable the precise
delivery of the intended dose according to planned dose
constraints by complex MLC motion (6-9). The accuracy of
the MLC position influences the intensity-modulated
radiation therapy (IMRT) and the volumetric modulated arc
therapy (VMAT) (10-12). Simultaneously, MLC parameters
in TPS need to be modified to maintain consistency with
patient-specific quality assurance (QA) measured data (11,
13). In Eclipse (Varian Medical Systems), MLC parameters
are controlled by the dosimetric leaf gap (DLG) and the
transmission factor, which are not provided as RBD (14).
Moreover, the optimum MLC parameters depend on the plan,
delivery system, TPS, and tools used in patient-specific QA
(12, 13, 15). Our previous report suggests that the variation
between the optimum and the measured MLC parameters was
significantly large because of the different clinical conditions
in each institution, different types of cases, systems, TPS, and
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QA tools (16). As the number of verification plans and
parameters increases, the necessity to establish suitable and
common MLC parameters increases accordingly. The effort
to optimize MLC parameters is large in terms of
accomplishing comprehensive system commissioning in a
limited time frame. Additionally, Akino et al. have shown that
the variation in dosimetric characteristics for small field sizes,
especially for 5x5 mm? field sizes, depends on the respective
detectors and not on the treatment devices used (17).

Several reports have focused on multi-institutional
measurements of IMRT or/and VMAT. However, few reports
have considered the variance of patient-specific QA
including the variability of beam data and MLC parameters
with the same plan and the same type of QA tools (18, 19).
Therefore, this study aimed to investigate the potential
differences between multi-institutional measurements and
TPS calculation as modeled by RBD for patient-specific QA,
focusing on the variability of beam data and MLC
parameters acquired using the same plan and the same type
of QA tools.

Patients and Methods

Data collection. We acquired data from 11 TrueBeam in 9
different institutions employing Eclipse TPSs. The scanning data,
PDD, and the OCR at a depth of 10 cm (d;) and a depth of
maximum dose (d,,,) in crossline were collected. Moreover, data
measured in 10 MV, 30x30, 100x100, and 300x300 mm? field
sizes using a CC13 (IBA Dosimetry GmbH, Schwarzenbruck,
Germany) or a Semiflex (PTW, Freiburg, Germany) ionization
chamber were extracted to compare them with the RBD data
collected from the CC13. The PDD data were resampled with 1
mm interval and were normalized at d,, In addition, the OCR
data were resampled with 1 mm interval and the calculated
position of the center of the full width was corrected at half
maximum to focus on the shape of the OCR profile. The OCR data
were also normalized at the center-axis values. The dose difference
(DD) from RBD at the exponential region and PDD,, were used
to investigate the variation of the PDD data. In contrast, the full
width half maximum (FWHM) and the penumbra width were used
to investigate the variation of the OCR data. The OCR penumbra
region was defined by the positions of the 20%-80% profile, and
the penumbra width was then defined as the width of the
penumbra region. The Akilles RT (RADLab Inc., Osaka, Japan)
software was used to analyze the scanning data. In addition, DLG
measurement values and the transmission factor for 10 MV were
collected. Their average and SD values were used for the
subsequent analysis of MLC variations.

VMAT verification

Verification plan creation. The Eclipse (ver. 15.0.1) system was
used to develop a VMAT plan for institutional verification, in
which the scanning data were modeled by RBD. In addition, couch
and MLC parameters were modeled based on the values provided
by the Osaka University affiliated hospital because of their
enhanced beam conformance (EBC) option. TrueBeam with EBC
option can be adjusted so that the energies are within the tolerance
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Table 1. Dose constraints to organs at risk used in the Osaka University
Hospital.

Structure Dose constraint

Rectum Dmax < 105%
V0% < 10%
V80% < 15%
V70% < 25%
V50% < 50%

Bladder Dmax < 105%
V0% < 20%
V80% < 30%
V70% < 40%

level before transporting them to the institution, and a narrow
tolerance level was selected in TrueBeam setting. This plan was
calculated with the American Association of Physicists in
Medicine (AAPM) Task Group (TG)-119 prostate structures (20)
on the I’'mRT phantom (IBA Dosimetry) computed tomography
(CT) scan data according to the Osaka University Hospital dose
constraint in 2018. The CT value of the phantom was replaced
with water in the dose calculation. The prescription dose was 78
Gy in 39 fractions delivered to the reference point in the PTV,
with 295% of the PTV covered by 95% of the prescribed dose,
and the maximum dose was <107% of the prescribed dose (i.e.
with 10 MV in two full arcs). Dose constraints to the organs at
risk are listed in Table I. Fifty percent isodose line did not exceed
the entire rectum. The results of patient-specific QA were
investigated in accordance with the chamber’s point dose and the
film’s dose distribution.

Point dose. The point dose at the center of the I’'mRT phantom with
VMAT plan was calculated in Eclipse at our Lab and was compared
with the measured point dose obtained by a CC13 or a Semiflex
ionization chamber, using cross-calibrations followed by AAPM TG-
119 (20). For cross-calibration, the point dose at the center of the
I’'mRT phantom was measured by a 100MU irradiation for a 10x10
cm? defined field size of 10 MV at 90° and 270° gantry angles,
respectively, using ionization chamber. Furthermore, the dose at 9-
cm depths and for a 100MU 10x10 cm? field size of 10 MV was
calculated at virtual water in the Eclipse system at each institution.
This was performed in order to investigate potential simple output
differences in each institution. The DD was then assessed as the
difference between the measured and the calculated doses.

Dose distribution. GAFCHROMIC EBT3 films (Ashland
corporation, Qayne, NJ) were used for the acquisition of
measurements from the same box (Lot#: 09071701) and were
analyzed by the Akilles RT software. The dose response curve was
acquired by 10 distinct film pieces (0, 24.2,48.4, 72.5,96.7, 145.1,
193.4,241.8,290.1, and 386.8 cGy) that were cut into the shape of
a 3.2-cm square. VMAT plan dose distribution was measured at the
center of the I’'mRT phantom sagittal and coronal axes using films
cut to a size of about 12.7x4.2 cm?2. All films were scanned 1 week
after exposure by a flatbed scanner GT-X980 (Seiko EPSON Corp.,
Nagano, Japan) and its associated software, EPSON SCAN (ver.
3.9.3.2 JA) (Seiko EPSON Corp.). Scanner settings were set in
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Figure 1. Percentage depth dose curve of representative beam data
(RBD) and dose difference between each curve and RBD curve for (a)
30x30, (b) 100x100, and (c) 300x300 mm? field size.

transmission mode with 48 bits color TIFF image, scan resolution of
72 dots per inch (dpi), and professional mode, and without using all
available image correction modes. All films were positioned so that
the long axis of the uncut film was parallel to that of the scanner.
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Figure 2. Off-center ratio (OCR) profiles for (a) 30x30, (b) 100x100,
and (c) 300x300 mm?. The black line represents the OCR curve of
representative beam data. The blue lines and the red lines represent the
data for d;, and for d,,,,, respectively.

Seven pieces of films (0, 48,4, 96.7, 145.1, 193.4, 241.8, and 386.8
cGy) used for the acquisition of dose response curves were scanned
at 19 points in the short axis using a 3-cm step and were
subsequently used for scanner-calibration and to correct potential
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Table II. Analysis of percentage depth dose (PDD) and off-center ratio (OCR) measured by CC13 or Semiflex ionization chamber. Results are
presented as the average+SD and the range of difference is acquired by subtracting each data measurements from the representative beam data

(RBD) ones.
Field size (mm?2) Depth N Average+SD Range of difference
(RBD-each data)
PDDI10 (%) 30x30 10 cm 7 69.7+0.2 -0.2~0.6
100x100 9 73.5+0.2 -0.3~0.2
300x300 9 75.8+0.2 -0.3~0.5
OCR FWHM (mm) 30x30 10 cm 4 32.8+0.8 -12~0.6
dinax 30.5+0.8 -1.2~0.5
100x100 10 cm 6 110.7+0.7 -1.1~0.7
dmax 103.0+0.7 -1.0~0.7
300x300 10 cm 9 331.1£1.0 -1.1~2.1
dmax 308.6+1.0 -1.0~2.0
OCR penumbra width (mm) 30x30 10 cm 4 6.3+0.1 0.0~0.2
dinax 5.8+0.1 -0.1~0.0
100x100 10 cm 6 7.4+0.1 -0.1~0.2
dmax 6.2+0.1 -0.1~0.0
300x300 10 cm 9 9.0+0.1 -0.1~0.3
d 6.60.1 -0.2~02

inhomogeneities in the short axis direction. The pixel value of the
non-irradiated film was changed over time, and this change affected
the acquired results of dose evaluation. Therefore, irradiated films
used in VMAT plan were simultaneously corrected by non-irradiated
films. The corrected films were then compared with the planned
gamma pass rate dose distribution with 2%/2 mm and 3%/2 mm
criteria, and a 10% threshold. Dose distribution measurements were
performed in each institution within 1 month following the
acquisition of the dose response curve at the Osaka University
Hospital to minimize the influence of time-dependency on films.

Results

Scanning data. The DD of PDD between the measurement data
in each institution and the RBD are shown in Figure 1, and the
OCR profile curves including the RBD are shown in Figure 2.
The analysis of scanning data results, the average+SD values,
and the range of difference acquired by subtracting each data
measurements from the RBD ones are shown in Table II. In the
exponential regions, the DD values of PDD with 30x30,
100x100, and 300x300 mm? field sizes were <1.0%, <0.5%,
and <0.5%, respectively. The SD of PDD;,, OCR FWHM, and
OCR penumbra width were <0.2%, <1.0 mm, and <0.1 mm for
all field sizes, respectively. The range of difference between
the RBD and PDD,;, OCR FWHM, and OCR penumbra width
data from each institution were <0.6%, <2.1 mm, and <0.3 mm
for all field sizes, respectively.

MLC parameters. Table Il shows the average and SD values
of the measured MLC parameters. The SD of the measured
DLG values was 0.14 mm. The SD of the measured
transmission factor was 0.07%.

1506

Table III. Average+SD of measured multi-leaf collimator (MLC)
parameters.

Measured N Average SD
MLC parameter

DLG (mm) 10 1.26 0.14
Transmission factor (%) 10 1.72 0.07

Table 1V. Average+SD of the dose error between the planned and the
measured doses for volumetric arc therapy (VMAT) verification and
average+SD of the dose calculated by treatment planning system for
100 MU irradiation.

N Average SD
VMAT dose error (%) 11 1.0 0.6
100MU planned dose (cGy) 11 86.5 04

Point dose. Table IV exhibits dose error results between the
planned and the measured doses for VMAT verification, and the
variation of output was calculated by the Eclipse system using
a simple irradiation for 100 MU. The VMAT dose error was
<2% in all institutions with an SD of 0.6%. The average planned
dose for 100 MU was 86.5 cGy, and the SD was 0.4 cGy.

Dose distribution. Figure 3 illustrates the typical gamma
analysis results with 2%/2 mm criteria that compare the dose
distribution measured with film with that calculated by the TPS
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(a) Coronal plane

(b) Sagittal plane

Figure 3. Typical results of gamma analysis comparing the dose distribution measured with film with that calculated by treatment planning system
in (a) coronal plane, and in (b) sagittal plane. Red pixels indicate a gamma value greater than 1. Orange, light green, green, blue, and dark blue
lines indicate isodose lines for 90%, 70%, 50%, 30%, and 10% of predicted dose, respectively.

Eclipse. This comparison underlines the presence of failure
points both inside and outside the PTV. The variation of gamma
pass rates is shown in Table V. The number of institutions with
gamma pass rates below 95% was three for 2%/2 mm gamma
criteria and zero for 3%/2 mm gamma criteria, for both planes.
Additionally, the average pass rates for 2%/2 mm gamma
criteria and 3%/2 mm gamma criteria exceeded 96% and 99%,
respectively. In addition, the SD values of gamma pass rates
for 2%/2 mm gamma criteria and 3%/2 mm gamma criteria
were within 3.0% and 1.0%, respectively.

Discussion

In this study, the difference between multi-institutional
measurements and TPS calculations modeled by RBD for
patient-specific QA of prostate VMAT plan was evaluated by
considering the PDD, OCR, and MLC parameters. This is
because the number of reports investigating the multi-
institutional accuracy of RBD modeling in the same prostate
VMAT plan are limited.

In this study, 11 TrueBeam in 9 different institutions that
employ Eclipse TPSs were evaluated. This evaluation was
performed according to our previous report (5), and involved
the analysis of average scanning data across 21 TrueBeam
and RBD for PDD, OCR, and OPF for field sizes of 30x30,
100x100, and 300x300 mm?. Almost all acquired data were
in the same range as in the previous report. PDD,, variations
shown in Table II were small and similar to the findings

Table V. Average+SD of gamma pass rate.

Plane N Average SD

2%/2 mm vy pass rate (%) Cor 11 96.0 30
Sag 11 96.2 2.6

3%/2 mm v pass rate (%) Cor 11 99.1 09
Sag 11 992 1.0

reported by Chang et al., and Glide-Hurst et al. (1, 3), in
which data were measured with a CC13 ionization chamber.
Chang et al. (1) evaluated the commissioning data of three
TrueBeam machines and reported that their PDD and beam
profiles were consistent. Furthermore, Glide-Hurst et al.(3)
reported that the measured PDD( variation in their study was
<0.3%. The variation of penumbra width of OCR at d;; was
also small and similar to the results presented by Glide-Hurst
et al. (3): the average penumbra width and the SD at d;( were
7.440.1 mm and 9.120.2 mm for 10x10 cm? and 30x30 cm?
fields, respectively. Other results of scanning data analysis,
e.g., OCR FWHM, also exhibited a small variation because
their SD values were small compared with their average
values. Therefore, and according to these results, the data
collected in this study exhibited a small variation.

The variability between point dose for VMAT irradiation
and point dose for 100MU simple irradiation was similar. The
point DD of VMAT verification was <2% in all institutions.
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VMAT uses a very complex planning method. However, our
results highlight that there is a very small variation in the dose
delivered to patients (similar to a simple irradiation). Dose
distribution analysis was consistent even in highly modulated
areas affected by the MLC parameters (21). However, the SD
value of 2%/2 mm gamma analysis was 3%, whereas that of
3%/2 mm gamma analysis was 1%. Additionally, the
minimum gamma pass rate with 2%/2 mm criteria was 90.3%,
whereas the maximum gamma pass rate following these
criteria was 99.1%, although all results were within the
tolerance rates indicated by AAPM TG-218 (21). In contrast,
the minimum gamma pass rate with 3%/2 mm criteria was
97.1%. These results revealed that the dose difference of many
institutions ranged from 2% to 3%. These results could be the
important starting point to consider whether RBD modeling
should be adopted in each institution.

Variations of measured MLC parameters were small; the SD
of DLG and transmission factor were 0.14 mm and 0.1%,
respectively. In our previous report, the median and the SD of
DLG and transmission factor of 18 TrueBeam at 10 MV were
1.32 mm, 0.21 mm and 1.72%, 0.06%, respectively. Conversely,
the median and 95% confidence interval of the modified DLG
values, and MLC leaf transmission factors for TrueBeam with
Millennium120 MLC were 1.93 mm (1.38-2.48) and 1.78%
(1.39-2.17), respectively. The optimized MLC parameters,
especially the DLG one, depended on the characteristics of the
treatment plans developed in each institution (13), such as the
irradiation method, case, and target, among others. In general,
medical physicists need a lot of time to identify the optimum
MLC parameters. VMAT verification measurement in this study
was in good agreement with the results of the Eclipse modeled
by RBD and with the specific MLC parameters—2.60 mm of
DLG and 1.79% of transmission factor. Therefore, we suggest
that provided that the planning policy is the same in each
institution, modeling common MLC parameters can be very
effective, and thus, a certain level of accuracy can be achieved
to initiate treatment. However, and as mentioned earlier, the
minimum gamma pass rate with 2%/2 mm criteria was 90.3%.
Consequently, it is necessary to be extremely careful when
modeling common MLC parameters in institutions where
control VMAT is within 2%/2 mm tolerance. Similar attention
is needed in case of RBD modeling.

Commissioning for IMRT and VMAT is a time-consuming
process that requires significant effort. Molineu ez al.
reported errors exceeding tolerance in 18.4% institutions
when comparing measured and planned values in head and
neck IMRT (18). Regardless of how efficiently a plan is
developed, it can be of no importance if the TPS accuracy is
poor. However, RBD modeling with MLC parameters could
help physicists in reducing efforts for commissioning with
safety and within accepted tolerance values defined by the
respective guidelines. In such cases, the adoption of common
MLC parameters, can facilitate the development of effective
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plans in conventional radiotherapy but also in VMAT with
an instant accuracy of prediction.

Conclusion

This study verifies the irradiation accuracy of the same
VMAT plan in multiple institutions. The variation of
equipment used in this study was very small and the impact
of complex VMAT on the dosimetric accuracy was less
because the point dose and dose distribution were consistent
with the planned values. These results suggest that common
MLC parameters could be set on TPS between institutions
with the same planning policy.
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